Astronomical observations in the far-ultraviolet (FUV) spectral region are some of the more challenging due to the very distant and faint objects that are typically searched for in cosmic origin studies such as origin of large scale structure, the formation, evolution, and age of galaxies and the origin of stellar and planetary systems. The problem is compounded by the very limited option of reflecting coatings to use at FUV wavelengths and the modest reflectivity offered by those coatings such as Al+MgF 2 [typically 82 % at Lyman-alpha, 1216Å) that are used on reflecting surfaces of FUV instrumentation. Improved reflective coatings for optics, particularly in the ultraviolet part of the spectrum, could yield dramatically more sensitive instruments and permit more instrument design freedom. This paper reports recent improvements in reflectance performance for Al+MgF 2 mirrors optimized for Lyman-alpha wavelength by comparing an ambient or "cold" deposition with another where the deposition temperature for the MgF 2 layer is done at elevated temperatures. We will also consider this improved procedure for the deposition of LiF over-coated Al mirrors in order to realize similar reflectivity gains at even shorter wavelengths.
INTRODUCTION
The far-ultraviolet (FUV) spectral region, short-ward of 1200Å, is relevant to many aspects of NASA's Cosmic Origins program, particularly the Astrophysics Science Area Objective 2: "Understand the many phenomena and processes associated with galaxy, stellar, and planetary system formation and evolution from the earliest epochs to today". Many of the resonance lines for both low-ionization and high-ionization states of common atoms are found only or largely in this region. Some lines are found long-ward of 1200Å, but often their interpretation requires transitions with different oscillator strengths or different ionization states that are found in the FUV. Furthermore, the electronic ground state transitions of H 2 are only found short-ward of 1150Å. H 2 is the most abundant molecule in the universe, and is the fundamental building block for star and planet formation. The absorption lines of deuterium (D) and the molecule HD are found only in the FUV region as well. The abundance of D is an important test of big band cosmology and of chemical evolution over cosmic time.
The region from 900 to 1150Å has only been explored by a handful of NASA astronomy missions Copernicus (OAO-3) in the 1970s, Hopkins Ultraviolet Telescope (HUT) and ORFEUS (shuttle payloads) in the 1990s, and the Far Ultraviolet Spectroscopic Explorer (FUSE) in the 2000s. The FUSE observing program was the most extensive by far, but it was limited by modest effective area (20 cm 2 below 1000Å to 55 cm 2 above 1020Å) and, for some programs, modest spectral resolution (R ∼ 20,000). In spite of this, FUSE made significant strides in mapping variations in D/H in the Galaxy, but lacked the sensitivity to study D/H in the inter-galactic medium (IGM). This lack of sensitivity was due to low reflectance of the available coatings.
This low reflectivity in coatings used in the FUSE instrument was accommodated by employing only two optical surfaces: a primary mirror and a diffraction grating. The grating was in a Rowland circle mount, with the entrance slit at the telescope prime focus. Because a monolithic design would have had an enormous central obscuration (and would have required an impractically-large grating), the instrument was split into four coaligned telescopes, each with a dedicated grating. This multiplexing approach allowed the coatings to be tailored to maximize overall throughput: the optics in two of the channels were coated with Al+LiF and provided a bandpass of 980−1187Å, and two were coated with SiC for a 910−1100Å bandpass. This design, while successful, has a number of shortcomings:
• The high spectral resolution requires a relatively slow beam: f/5.5 was the practical limit. Because no folding of the optics was possible, the overall payload was 4.5 m tall despite having primary mirrors that were under 40cm on a side. A substantial increase in sensitivity with this design would require a fairing longer than any presently available. Similarly, an increase in spectral resolution would require a larger f/#, further increasing the length of the instrument.
• The Rowland spectrograph introduces substantial astigmatism, even with a holographic correction on the grating. The spectral image height was ∼ 1 mm over much of the bandpass, which is 10−100 times greater than could be achieved in an imaging spectrograph. As the dominant backgrounds were stray light and cosmic rays, not grating-scattered light, a reduction in image height provides a direct increase in sensitivity.
The reflectivity of the Al+LiF coatings was ∼ 50% at launch, while that of the SiC coatings was ∼ 30%. Improved reflectivity in itself would bring enormous gains in throughput, and the benefits of more capable optical designs enabled by higher reflectivity would address the shortcomings noted above and thus bring further gains in sensitivity.
The facilities at the Goddard Space Flight Center (GSFC), originally established for coating the primary optics for the Orbiting Astronomical Observatory (OAO) mission, have been used for coating optical components for several missions including the International Ultraviolet Explorer missions (IUE) and all the generations of the Hubble Space Telescope (HST) instruments, including the Corrective Optics for Space Telescope Axial Replacement (COSTAR), the Goddard High-Resolution Spectrograph (GHRS), Space Telescope Imaging Spectrograph (STIS), Cosmic Origin Spectrograph (COS) and FUSE instruments described in more details above. The coatings of choice for many of these have been either magnesium fluoride or lithium fluoride protected aluminum (Al+MgF 2 or Al+LiF). The principal reason is that in the ultraviolet spectral region above 100 nm, Al has the highest intrinsic reflectance of any known film material. While the natural formation of aluminum oxide degrades the reflectance below 200 nm, protective over-coatings of magnesium fluoride or lithium fluoride can extend the useful range down to their absorption cutoffs of 115 and 102.5 nm respectively. The thickness of either one is carefully selected to eliminate oxidation of the Al film while maintaining its excellent ultraviolet reflectance. This has made these highly reliable coatings that have flown in space many times. In a typical coating, the physical thickness of the MgF 2 is chosen to be 25 nm, which gives an optimized reflectance in reflectance at the short Lyman-alpha wavelength of 121.6 nm whereas a 40 nm MgF 2 layer is used for coatings optimized around 160 nm and above.
While these coatings have produced the highest reflectivity 1 ever obtained (∼82% at 121.6 nm) it has always been noted that this is below the theoretical limit that could be achieved. 2 As others have noted before, 3 this limitation has been attributed to the fact that either MgF 2 of LiF have a small but finite absorption due to deviation from pure crystalline form.
Hence, this paper will report on recent advances in the production of low-absorption coatings of Al+MgF 2 at FUV wavelengths. These gains were realized during the development phase of a Fabry-Perot tunable filter that was implemented on the Thermospheric Temperature Imager (TTI) developed at GSFC. 4 The goal for TTI instrument that flew onboard the Fast, Affordable, Science and Technology SATellite (FASTSAT) was to carry out global-scale remote measurements of thermospheric temperature profile of atomic oxygen from low earth orbit. One of the TTI requirements was to separate atomic oxygen emission at 135.6 nm and the molecular nitrogen Lyman-Birge-Hopfield (LBH) emission at 135.4 nm to determine the atmospheric O/N 2 density ratio.
The TTI design made use of a Fabry-Perot interferometer (FPI) to measure Doppler widened atmospheric emissions to determine neutral atmospheric temperature from an altitude of 200−400 KM. The inner cavity walls of the FPI were coated with a prescription of a thin Al+MgF 2 coating that provided 85% reflectance and about 6% transmission in the 130−140 nm range. These results were possible due to improvements in the thermal evaporation process that produced MgF 2 films with a factor of 3 less absorbtion than films prepared in a conventional fashion. Similar gains have been shown to be possible on Al mirrors over-coated with LiF layers which is also a material of choice for reflecting optics FUV instrumentation. The purpose of this paper is to report the process that was developed to produce the coatings results mentioned above. Hence, the rest of the paper is organized as follows: Section 2 will give a summary of the experimental techniques with Sec. 2.1 giving a description of the PVD technique while Sec. 2.2 gives details on instrumentation used for spectral testing. Section 2.3 will present the approach used to produced low-absorption films of MgF 2 films. Section 3 will be devoted to present results on low-absorption data for MgF 2 films (Sec. 3.1), enhanced reflectance data for Al+MgF 2 (Sec. 3.2), and LiF (Sec. 3.3). The paper will end with some concluding remarks and plans for future work.
EXPERIMENTAL TECHNIQUES
A number of experiments have been reported in the literature on the deposition of MgF 2 for the purpose of producing a thin-film protective overcoat for optics and particularly for the manufacture of Al mirrors and interference filters in the FUV regime (120−180 nm). 2, 5 In the case of TTI, the reflective surface of the Fabry Perot etalon plates consists of the MgF 2 layer that protects the thin-film of physical vapor deposited Al (PVD) on a thick MgF 2 substrate. To maximize reflection and transmission of the thin film coating pair, the key is to produce a thin film of MgF 2 that is minimally absorbing in the FUV with a thickness of approximately a quarter of the operating wavelength of 135.6 nm.
We will describe next the coating deposition process used to produce the enhanced coatings process for Al and MgF 2 films. This will be followed by a description of the spectrometer used to perform optical testing of these coatings.
Physical Vapor Deposition Process
The method used to produce the Al+MgF 2 coatings in this work is a physical vapor deposition (PVD). In this process, the substrate is placed inside a high-vacuum chamber where the materials to be deposited are also placed in a bowl. Pumping of the chamber is done with an oil-free closed-cycle cryo-pumped vacuum system to a pressure during the deposition of 1 × 10 −6 Torr. The depositions are done using a resistive evaporation process where the source materials are placed in a molybdenum crucible that is electrically connected to a high-current power supply to produce enough heat to boil and evaporate the materials. The vacuum is required to allow the molecules to evaporate freely in the chamber, and they subsequently condense on the substrate surfaces. The deposited thickness are controlled using a quartz crystal film thickness monitor and a mechanical shutter. Finally, the coating chamber is equipped with halogen quartz lamp heaters and Chromel-Alumel thermocouple sensors attached to a copper block in contact with the substrate. These are used whenever raising the temperature of the substrate during the film deposition is required. Factors that influence the purity of the deposited film are the quality of the vacuum and the purity of the source material. At a given vacuum pressure the film purity will be higher at higher deposition rates as this minimizes the relative rate of gaseous impurity inclusion. The thickness of the film will vary due to the geometry of the evaporation chamber and collisions with residual gases that aggravate thickness non-uniformity.
Spectral Measurements
The instrument used to measure transmittance and reflectance as a function of wavelength is from Acton Research Corporation (ARC) with model # VM-521-SG. This spectrometer is a one-meter high-vacuum monochromator designed to operate from 30 nm to 325 nm with a 1200 Grooves/mm grating. Effective coverage of the spectral range is dependent upon factors such as the optical coatings, grating efficiency, order-sorting filters, light source and detector. The spectrometer is equipped with a windowless hydrogen-purged light source, which provides discrete H 2 emission lines between 90 nm and 160 nm and a continuum above these wavelengths. The detector, which is housed inside a sample-holder compartment consists of a photomultiplier cathode tube (PMT) connected to a light-pipe for feeding the light signal coming out of the monochromator. The light pipe has a fluorescence and high quantum efficiency coating of sodium salicylate that is used to convert the FUV radiation into visible light. The maximum emission efficiency of this coating matches that of the PMT sensitivity curve that is close to 420 nm.
Measurements are done by first measuring the total intensity coming from the monochromator into the detector housing with the sample out of the beam. The next measurement is made with the sample in the beam and this provides the energy transmitted or reflected by the sample. Proper normalization is done by taking the ratio of the reflected or transmitted energy through the sample by the total energy coming from the monochromator. The angle of incidence is set to 0
• for the transmittance measurements, whereas for reflectance this is close to ∼ 12
• .
Steps to Reduce Absorption in MgF 2 Films
Wood et. al. show that the higher the temperature of the substrate during deposition, the lower the absorption or extinction in the MgF 2 layer. 6 Analysis with the transmission electron microscope shows that the higher temperatures of the substrate during deposition lead to larger crystals in the MgF 2 coating (Fig. 3 in Ref. 6) and that the closer the MgF 2 layer is to a bulk crystal, the lower its absorption in the FUV.
Using this information, we proceeded to perform coatings of Al+MgF 2 on test glass slides that were heated up to the maximum temperature that was possible in our PVD coating chamber (∼ 220
• C). The coatings where done in a two-step process where the Al layer was deposited at ambient temperature whereas the MgF 2 deposition was done at the elevated temperature mentioned above. Figure 1 shows the measured reflectance in the FUV spectral range of Al+MgF 2 coatings done this way. This figure also shows data for a coating done where both the Al and MgF 2 layers were done at ambient temperature (dashed curve in Fig 1) . It is observed that the data corresponding to the "hot" MgF 2 deposition has a worse or lower performance than the one done at ambient temperature. This result contradicts Wood et. al. 6 assertion above that the hot MgF 2 deposition would reduce absorption at FUV wavelengths. We quickly realized that these results are in agreement with observations performed by Hutcheson et. al. 7 and others where the high reflectivity of aluminum film is degraded by heating it above 100
• C before the MgF 2 protection layer is applied. It is not clear what is causing the degradation. Hutcheson et. al. 7 claim that the Al reflectivity degradation is due to increased Al crystal grain size and surface roughness at high temperatures. However, others attribute the degradation to possible contamination of the Al layer due to increased contaminant and oxygen outgassing from the warm chamber walls. For example, contaminants such as hydrocarbons are highly absorbing in the FUV. In addition oxygen will readily react with the Al layer to create aluminum oxide (Al 2 O 3 ) which is highly absorbing at FUV wavelengths. Similar observations have been done by others 8 where it has been reported that FUV reflectance is destroyed when unprotected films of Al are heated to high temperatures. To summarize from the published evidence, in order to achieve a high reflecting Al coating in the FUV, the substrate must be cold (around room temperature) and in order to achieve a low absorption in the MgF 2 coating, the substrate must be hot.
There are no known publications of results trying a multi-step process of vapor depositing the Al film on a cold substrate and then heating the substrate followed by depositing the MgF 2 onto the Al film on the now hot substrate. However, one might expect that while waiting for the substrate to reach the hot temperature in the period between depositions of Al and MgF 2 layers, oxidation and contamination of the fresh Al surface may occur. This waiting period is expected to be significant and may be many hours. Consequently it seems prudent that a step be inserted where a very thin layer of MgF 2 is coated immediately over the freshly deposited Al at room temperature in order to protect it. In addition, this thin layer may inhibit the Al from forming large crystal grains that are less reflective. A protective overcoat of 4−5 nm would be the equivalent of slightly more than 10 monolayers. This leads to the 3-step coating process:
1. Al coat the substrate at room temperature to the planned layer thickness. 2. As soon as possible after the Al deposition, overcoat the Al layer and substrate at room temperature with a thin 4−5 nm layer of MgF 2 in order to protect the Al from oxidation and contamination.
3. Heat the substrate to maximum temperature and overcoat the thin MgF 2 , Al, and substrate with the planned thickness of MgF 2 .
The above process leaves an important open question: How hot is hot enough for achieving low absorption in the MgF 2 layer (step 3)? We may be able to obtain some insight into this using Fig. 2 (Fig. 6 in Ref. 6 ). This figure shows that Wood et. al. performed 2 coating runs at ambient temperature (22
• C) and another at 400
• C. The coating run at 22
• C had absorption for all photon energies between 104 nm (7 eV) and 178 nm (12 eV). For the 135.6 nm wavelength of interest for TTI, the corresponding energy is 9.14 eV. The point labeled E g in Fig. 2 is the MgF 2 energy gap and it should be independent of the film deposition temperature. We would expect for intermediate temperatures that the absorption curve would fall between the curves for 22
• C and 400 • C. The black curve labeled 1/λ 4 is due to the film surface roughness that scatters the light and it provides the limiting source of surface losses regardless of film quality. If we treat the portion of the 400
• C curve that is labeled 1/λ 4 as the best lower limit that can be achieved for the MgF 2 coating, then the blue curve that has been overlaid on Fig. 2 is probably a reasonable estimate for the curve corresponding to the minimum temperature for the heated substrate in step 3 above of the coating process for wavelength of 135.6 nm. Because this curve is approximately midway between the 22 • C and 400
• C curves, the required deposition temperature is expected to be greater than 200
• C. This is also confirmed by inspection of Fig. 3 (Fig. 4 in Ref. 6 ), which shows the average grain size of MgF 2 as a function of the deposition temperature. This figure shows that the grain size does not change significantly for deposition temperatures up 100
• C. At higher substrate temperatures, the MgF 2 grain size becomes significantly larger. The thickness of the MgF 2 coating for the TTI etalon plates is planned for 33.0 nm. From the results of Fig. 3 , the substrate deposition temperature needed to achieve a film grain size of 33 nm has to be above 200
• C (600 K). Such a grain size would allow the entire thickness of the coating to be a single crystal. Consequently, the optimal substrate temperature in step 3 of the coating process for the wavelength of 135.6 nm should be in the range 200
• C to 323 • C (473 K to 600 K).
RESULTS
We now turn our attentions to show results using the 3-step coating process described in Sec. 2.3. This is to determine whether these steps will have the desired impact of reducing the absorption of the MgF 2 layer. The coating depositions were done in a 1−meter coating chamber capable of doing PVD. The procedure was such that Al layer was applied first with the substrate at ambient temperature. An initial 50Å layer of MgF 2 was then applied on top of the Al. A series of heaters installed inside the chamber are turned on to allow raising the substrate temperature up to 220
• C for the last part of the MgF 2 deposition. Several trials were required to optimize coating parameters such as vacuum cleanliness and deposition rate before reaching success in producing coatings with a much reduced absorption in the MgF 2 layer.
Reduced MgF 2 FUV Absorption
The results of the efforts to produce MgF 2 with reduced absorbtion coefficient (α) are shown in Fig. 4 . These data are derived from measured reflectivity of Al+MgF 2 films at FUV wavelengths. By assuming the known complex indices of refraction of Al, the real part of the index of refraction of MgF 2 , and the observed thicknesses of the 2 layers, we can calculate the absorption coefficient of the MgF 2 layer. This figure shows α for two separate runs with substrate deposition temperature of 200
• C (green curve) and 220
• C (yellow curve) (121.6 nm = 10.2 eV and 114.6 nm = 10.8 eV). The graph shows these results are bounded by the results of Wood, et.al. 6 where the dash black line corresponds to α of films grown at ambient temperature (22
• C), whereas the solid black line is α determined for films grown at 400
• C and the scattering from inhomogeneities at the surface and in the body of the film that has a 1/λ 4 wavelength dependence. We also observed a peculiar behavior where the apparent absorption of the MgF 2 seems higher than the results of Wood, et.al. for energies lower than 8 eV. Similar behavior in this energy range has been reported by others and this has been attributed to plasmonic absorption coupled with micro-roughness in the Al layer at those energies. 
Reflectance Al+MgF 2 Mirrors
The results in Fig. 4 indicate that there might be further room for improvement given we did not reach the maximum deposition temperature of 400
• C. This is an important consideration given that the development of better performing and more robust coatings will provide substantial gain in throughput performance when these coatings are used on reflecting surfaces of FUV instrumentations. As an example, we show in nm and 25 nm for the Al and MgF 2 layers respectively. One of the samples was prepared with substrate at ambient temperature, whereas in the second one the MgF 2 deposition was done with substrate at 220
• C using the steps described in Sec. 2.3.
The results of Fig. 5 indicate that although the data obtained on the enhanced process is below the ideal (solid blue) curve above, the reflectance reaches what we would be predicted for bare Al at least at wavelengths close to Lyman-alpha (91%). The second observation is that the gains in reflectance for the "enhanced" process are even more dramatic on the short wavelength side, pushing the useful range even closer to the cut-off wavelength of crystalline MgF 2 .
Reflectance Al+LiF Mirrors
We now turn our attention to Al+LiF coatings done with the steps described in Sec. 2.3. Figure 6 shows the highest reflectance near Lyman-alpha for the as-measured run # 1 sample is around 76% vs. the ideal of 95%. Data corresponding to run # 2 is nearly 70% in the 105−110 nm range on account of a thinner LiF overcoat. This is consistent with the fact that at the short wavelength end of the spectrum, LiF is still the overcoat of choice since it performs better than other materials at wavelengths shorter than 115.0 nm. But the data of the enhanced Al+MgF 2 in Fig.5 , already show performance of 80% at 115.0 nm, versus 76% for LiF at the same wavelength. It is worth noting that the one difference that produces the discrepancy between the ideal and the actual sample is simply that the absorption coefficient (k) is zero for crystalline LiF in this spectral region, whereas measurements on the actual sample yields k 0.04 or larger for the evaporated LiF. We think there is room for improvement so efforts are under way to produce enhanced LiF coatings that approach the theoretical limit shown in Fig. 6 . This expectation is consistent with what was found by Adriaens and Feuerbacher, 3 since the process we are using is analogous to theirs. They found the over-coat layers of either LiF or MgF 2 were significantly improved and reflectivity increased at wavelengths shorter than 130.0 nm by annealing the deposited films at about 300
• C for some 60 h in a vacuum of 10 −7 Torr, using a heater built onto the substrate holder.
CONCLUSIONS AND FUTURE WORK
In conclusion, we have shown considerable gains in FUV reflectivity of Al+MgF 2 and Al+LiF mirrors by employing a 3-step process during PVD coating deposition of these materials. Part of the future plan is to transfer the process we have developed to a larger 2−meter chamber which will allow coating optics much larger than the ones we are able to do in a smaller chamber. This will require retrofitting the larger coating facility with the necessary heating elements to achieve the required deposition temperature to enhance the FUV reflectance Wavelength (nm) Figure 7 . Comparison of estimated throughput performance for a 2−mirror telescope system using a standard Al+MgF2 coating and a 4−mirror system with enhanced Al+MgF2 coating.
of these materials. We also plan to extend this to Al+LiF coatings as well, since it has been observed 3 that similar gains could be realized with this type of coating, allowing enhanced reflectance down to the lower cut-off wavelength for LiF of 100 nm. The motivation behind these efforts is due to the fact that improved reflective coatings, particularly in the far ultraviolet part of the spectrum, will yield dramatically more sensitive instruments and permit more instrument design freedom. Increasing system throughput is a very cost effective way to achieve more science and often is less costly than simply using a larger primary mirror. This point is demonstrated by the results in Fig. 7 , where we show the calculated throughput for a 2−mirror telescope system employing the standard Al+MgF 2 coating process and a 4−mirror system using the improved reflectance of the Al+MgF 2 coatings described in this work. Even though the throughput for the 4−mirrors system is a bit lower, it still provides acceptable etendue. Previously, four-bounce systems were too low in throughput for serious consideration. This illustrates the advantages of having better performing coatings since this add more flexibility to a system design that is certain to improve overall performance.
